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Abstract
We study the discovery potential of axion-like particles (ALP), pseudo-scalars
weakly coupled to Standard Model fields, at the Large Hadron Collider
(LHC). Our focus is on ALPs coupled to the electromagnetic field, which
would induce anomalous scattering of light-by-light. This can be directly
probed in central exclusive production of photon pairs in ultra-peripheral
collisions at the LHC in proton and heavy-ion collisions. We consider non-
standard collision modes of the LHC, such as argon-argon collisions at
√
sNN =
7 TeV and proton-lead collisions at
√
sNN = 8.16 TeV, to access regions in
the parameter space complementary to the ones previously considered for
lead-lead and proton-proton collisions. In addition, we show that, using
laser beam interactions, we can constrain ALPs as resonant deviations in
the refractive index induced by anomalous light-by-light scattering effects. If
we combine the aforementioned approaches, ALPs can be probed in a wide
range of masses from the eV scale up to the TeV scale.
1. Introduction
Charge-parity (CP) violation is an important consequence of the Standard
Model (SM) of particle physics. Though CP violation is inherent in the
construction of the SM, there is a longstanding question of why quantum
chromodynamics (QCD) seems to preserve CP symmetry, since in principle
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there could be CP violating terms in the QCD Lagrangian density. Indeed,
the strong CP problem is supported by the absence of a neutron electric
dipole moment [1]. To solve it, scalar or pseudo-scalar complex fields, called
axions, have been postulated [2, 3, 4]. It has been speculated that cold axions
could have been produced in abundance during the QCD phase transition
in the early universe and that they may constitute one element of the cold
dark matter [5]. Axions considered in these models have small masses (be-
low the meV scale), and have been heavily constrained by dedicated axion
helioscopes. More generally, pseudo-scalars coupled to SM particles, known
as axion-like particles (ALP), appear in theories with spontaneously broken
global, approximate, symmetries as pseudo Nambu-Goldstone bosons. For
instance, ALPs appear in supersymmetric extensions of the SM or string
theories [6, 7, 8, 9]. The focus of this letter is on ALPs with a coupling
to photons. ALPs with these couplings have been heavily constrained for
sub-eV masses, but for masses above the eV scale and up to the TeV scale,
collider-based searches in electron-positron or hadron-hadron collisions are
necessary. The problem of searching for these particles relying only on their
coupling to photons aggravates in hadronic colliders, where the dominant
interactions are nuclear in nature.
In this letter, we discuss the sensitivity to ALPs weakly coupled to the
electromagnetic field in the context of light-by-light scattering in a wide do-
main in mass, benefitting from the fact that the LHC can accelerate protons
and heavy-ions [10, 11, 12, 13]. First, we expose how the LHC data can be
used to extend the search for ALPs beyond what is currently accessible or ex-
pected for masses above a few GeV and up to a few TeV [13, 14, 15], with an
emphasis on non-standard collision modes of the LHC. It has been shown that
searches based on ultra-peripheral collisions in lead-lead collisions constrain
ALPs between masses of 1 GeV to about 100 GeV [14], whereas searches
based on proton-proton collisions using the proton tagging technique can
constrain ALPs masses between ∼ 500 GeV and 2 TeV [15]. These searches
can be seen as the extreme ends of the high intensity frontier (lead-lead) and
the high energy frontier (proton-proton) of photon-photon collisions at the
LHC.
The goal is to find a way of constraining the parameter region untouched
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by the aforementioned searches by considering argon-argon and proton-lead
collisions at the center-of-mass energy per nucleon pair of 7 TeV and 8.16 TeV
respectively, which, due to the smaller minimum impact parameter between
the hadrons participating in the ultra-peripheral collision, gives access to
invariant masses of photon pairs as large as 400 GeV.
The letter is organized as follows. The general principles of photon physics
at the LHC are presented in Sec. 2, followed by the simulation framework and
analysis strategy in Sec. 3 and Sec. 4 respectively, with our main results on the
projections on the ALP–photon coupling and mass plane in Sec. 5. Finally,
in the last section 6 of this letter, we illustrate how in a very similar context
but at low energies using laser beams, we can constrain ALPs of masses in
the eV scale. This can be readily tested in existing facilities [16, 17, 18, 19].
Conclusions are drawn in Sec. 7.
2. Scattering of light-by-light
The scattering of light-by-light γγ → γγ can be probed in proton-proton,
proton-ion or ion-ion collisions, where the initial state photons correspond
to electromagnetic fields (EM) produced by the ultra-relativistic incident
hadrons (protons or ions). These interactions occur in ultra-peripheral col-
lisions (UPC), where the two incident hadrons do not collide centrally but
are separated in the transverse direction by at least the sum of their radii.
In the SM, the scattering of light-by-light is induced at one-loop at leading
order (quark, charged leptons and W boson contributions), as illustrated in
Fig. 1.
The signature of these reactions is the presence of two photons and no
additional activity in the central detector. The outgoing hadrons (protons
or ions) escape into the beam pipe. In the case of protons, if they remain
intact after the interaction, they can be tagged with dedicated forward proton
spectrometers installed at the LHC. The outgoing heavy-ions may be affected
by giant dipole resonances, followed by neutron emission and excited states of
the heavy-ion [20]. Lead-lead collisions are an ideal probe of elastic scattering
of photons, since the effective photon luminosity scales with Z4, where Z is
the electric charge of the colliding ions. The cross section is then considerably
enhanced in PbPb collisions (with Z = 82 protons and A = 208 nucleons for
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the lead ions used at the LHC) by a factor 824 compared to pp collisions.
Indeed, evidence for the scattering of light-by-light was presented by the
ATLAS and CMS collaborations in lead-lead collisions [12, 13], paving the
path for future analyses in heavy-ion collisions.
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Figure 1: Schematic diagram of light-by-light scattering in the SM in proton-proton,
proton-ion or ion-ion collisions. The box diagram includes quarks, charged leptons and W
boson contributions.
2.1. Axion-like particles in light-by-light scattering
ALPs of masses above a few GeV and weakly coupled to other particles
of the SM can be probed at the LHC. Their presence would be seen as a
deviation on the elastic scattering of light-by-light [13, 14, 15]. In this
context, ALPs could be produced as intermediate states in the reaction:
γγ → a→ γγ, (1)
thus modifying the di-photon invariant mass distribution. Indeed, an ALP
of mass ma would appear as a resonance in the distribution of the invariant
mass of the photon pair. Therefore, the search for ALPs using reaction (1) is
based of the possibility to find a deviation in the di-photons mass spectrum
modulo the uncertainty of the light-by-light prediction.
2.2. Experimental context at the LHC
Experimentally, at the LHC, the first limits have been obtained using data
collected in lead-lead (PbPb) collisions at the LHC with a center-of-mass
energy per nucleon pair of 5.02 TeV [13, 14] from masses of ALPs of 5 GeV
up to 100 GeV. One important limitation in PbPb collisions is that there
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Figure 2: Schematic diagram for central exclusive production of an axion-like particle in
photon-induced processes in proton-proton, proton-ion or ion-ion collisions.
exists maximum energy for the incoming photons (emitted by the relativistic
incident Pb) which is of the form γ/RPb, where γ is the Lorentz factor and
RPb the transverse size of the incident ions. Indeed, the need for a minimum
distance separation between the two hadrons for a UPC to take place sets
an upper bound on the invariant mass of the final two photons, which is
inversely proportional to the size of the incident particles. Thus, larger di-
photon masses could be probed with ions of smaller sizes, or even better in
pp collisions [15]. Experimentally, such measurements in pp collisions are
achievable if protons are tagged in dedicated forward proton spectrometers
(very far from the interaction point of the reaction), otherwise the detection
of the rapidity gap is problematic due to the large number of interactions
per bunch crossing. The production rate is much smaller than in the heavy
ion collisions case, but the access to higher invariant masses, and the growth
of the cross section for exclusive ALP production with the invariant mass
of the di-photon system, leads to sensitivities on the ALP-photon coupling
comparable in magnitude to the ones achievable in PbPb collisions. For the
moment, this is only a prospective but the interest is that masses of ALPs
above the TeV range could be further tested this way [15].
2.3. Prospects at the Large Hadron Collider
According to these first results and prospects using light-by-light scattering,
it seems very logical to consider what could be obtained with larger periods of
data taking in PbPb collisions, thus increasing the statistics already recorded
and accessing larger masses for ALPs searches. In the same spirit and fol-
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lowing the arguments presented above, it is possible to probe intermediate
mass ranges above 50 GeV and below 1 TeV by using proton-lead collisions
or different species of ions of smaller sizes than lead nuclei, like argon (Ar)
(A = 40, Z = 18) [21]. Argon-argon collisions have attracted the attention of
the nuclear physics community to obtain, for instance, additional constraints
on nuclear parton distribution functions in lighter nuclei and study collective
phenomena in smaller systems. Beams of argon-argon allow the possibility
of collecting larger luminosities than in the lead-lead or proton-lead collision
modes, as can be seen in detail in Ref. [21]. It is useful to see what other uses
can be made of the argon-argon collisions, in addition to the ones exposed in
the context of the understanding of nuclear matter in Ref. [21]. The purpose
of this letter is to derive new projections in this broader context, studying
exclusive production of two photons in ion-ion, proton-ion and proton-proton
UPC collisions.
3. Simulations of physics processes at the LHC
The light-by-light scattering and ALPs production (as exposed in the previ-
ous section) in ion-ion, proton-ion and proton-proton collisions at the LHC
have been simulated using the Forward Physics Monte Carlo (FPMC) event
generator [22], which is a dedicated generator for photon-induced and diffrac-
tive processes. Originally, the FPMC generator was introduced to handle re-
actions involving protons or anti-protons collisions, but we have introduced
the possibility of handling heavy-ion collisions as well, as described below.
We provide the description explicitly for the ion-ion case, while the same
logic applies to the proton-ion case, which is also encoded in the new version
of FPMC 1. The description of of the photon-induced reactions in ion-ion
collisions is based on the equivalent photon approximation applied to ultra-
relativistic ions and where the equivalent photons are produced at low virtu-
alities. This follows what is done in other event generators [23, 24]. The cross
section for the collision of two ions A, with the same number of nucleons,
1The most updated version of the FPMC event generator is available in
github.com/fpmc-hep/fpmc, with a release note in preparation by the authors.
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reads:
σ(A+A→ A+A+γ+γ) =
∫
n(~b1, ω1)n(~b2, ω2)σγγ→γγ(ω1, ω2)
dω1
ω1
dω2
ω2
d2~b1d
2~b2
(2)
where ~b1, ~b2 are the impact parameters (ion centers to the interaction point),
ω1,2 the energies of the incoming photons, n(~b1,2, ω1,2) the photon-flux func-
tions and σγγ→γγ the cross section for the light-by-light scattering itself, com-
puted as in Ref. [15]. The integration has some constraints: (1) in order to
impose that the reaction is ultra-peripheral (and not inelastic): b1, b2 > RA
and |~b1 − ~b2| > 2RA (non overlap), where RA is the ion radius, (2) the re-
action can happen only with some requirements on the photons momenta:
typically, the virtuality of each photon Q2 needs to be smaller than 1/R2A in
order to probe it as a whole electrically charged object. Then, we can con-
sider the action of all the charges in the nucleus to be coherent and a factor
Z will appear in the EM fields, leading to a Z4 factor in the cross section (see
above). Let us comment the requirement of non-overlap, |~b1−~b2| > 2RA. In
general, if we call Ω(b) the opacity function of the heavy-ion, then the above
condition is equivalent to:
e−Ω(|
~b1−~b2|) = Θ(|~b1 −~b2| − 2RA),
where e−Ω(b) is the probability of non-inelastic interaction in the ion-ion col-
lisions and Θ is the Heaviside step function. In principle, it is possible to
define this function more accurately with a form which turns smoothly from
0 to 1 at b = 2RA. However, in the case of UPCs considered here, the ap-
proximation as a Heaviside step function is very good. There is only one
case, the QCD exclusive production of two photons induced by two-gluons
exchange for which the impact parameter of the reactions may be small: for
this case, we use a dedicated Monte Carlo generator.
Coming back to equation (2), we can write:
n(~b1, ω1)n(~b2, ω2) =
1
pi
∣∣∣ ~ET(ω1,~b1)∣∣∣2 1
pi
∣∣∣ ~ET(ω2,~b2)∣∣∣2
where the transverse EM fields are the fields produced by the ultra-relativistic
ions A,Z:
~ET(~b, ω) = Z|e|
∫
d2~kT
(2pi)2
e−i
~b~kT
(−i~kT)
k2T +
ω2
γ2
F (k2T +
ω2
γ2
).
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In this expression, there are several dependencies on the ion type (A,Z):
the trivial dependence in Z, a second dependence in the integration limit
kT < 1/RA and another dependence in the electromagnetic form factor F (.)
for the ion, which includes the electric and magnetic components. Let us note
that for ion-ion collisions, the magnetic component leads to a negligible con-
tribution to the cross section (2). In FPMC, we have encoded the monopole
expression and realistic form factors (Fourier transform of the charge distri-
bution of the ions) [24]. In the following, we use the realistic form factors.
Then, the integration in equation (2) can be done easily.
In the following, we use the FPMC generator for the generation of all
photon-induced processes. Processes originating from two-gluon exchanges
are generated with the dedicated SuperChic v3 Monte Carlo event generator
[26], as explained in the next section. Based on these modifications of the
code, the cross section for the light-by-light scattering cross sections in PbPb
at a center-of-mass energy of 5.02 TeV per nucleon pair is found to be 230 nb
for a minimum transverse momentum pT of each outgoing photon of 2 GeV.
For the computation of cross sections for ALPs production σa, the same
procedure is used with:
σa =
∫
n(~b1, ω1)n(~b2, ω2)σγγ→a→γγ(ω1, ω2)
dω1
ω1
dω2
ω2
d2~b1d
2~b2, (3)
where the evaluation of σγγ→a→γγ follows the method defined in Ref. [15].
For our studies, we model the coupling of the pseudo-scalar field a of mass
ma with the EM fields via the interacting Lagrangian density:
Lint =
1
f
aFµνF˜µν ,
where 1/f is the ALP-photon coupling, Fµν is the EM field tensor and F˜µν is
the dual tensor of the EM field tensor. The ALP production cross section is
then computed in the narrow resonance approximation with a minimal decay
width:
Γ(a→ γγ) = m
3
a
4pif 2
.
As in Ref. [15], in the forthcoming projections, the decay width of a
is taken as a free parameter satisfying Γ > Γ(a → γγ) and the branching
8
ma in GeV σa(PbPb) σa(PbPb)
STARlight FPMC
30 533 nb 536 nb
50 170 nb 174 nb
100 18 nb 18.5 nb
200 481 pb 485 pb
Table 1: Cross sections for various masses of ALPs production in PbPb collisions for a
center-of-mass energy per nucleon pair 5.02 TeV. We have taken a coupling value of f = 4
TeV for explicit comparison.
ratio is defined as B(a → γγ) = Γ(a → γγ)/Γ. In this context, the ALP
production cross section is proportional to 1
f2
B(a→ γγ).
We have checked that the results obtained for the generation of the ALPs
processes is compatible with the STARlight MC generator [23] (see Tab. 1).
4. Analysis strategy and detector effects at the LHC
The analysis strategies for ion-ion and proton-ion follow the principles and
strategies described in Ref. [12, 13, 14, 15]. Our selection focuses mainly on
the two photons detected by the central detectors, which are reconstructed as
two isolated EM clusters and identified as photons. We emulate the detector
resolutions for the energies and angles of the outgoing photons, as well as
the pT dependent reconstruction efficiencies according to Ref. [25]. The
overall reconstruction efficiency is about 80 % for multi-GeV photons and
the resolution ranges from 5 % for low masses of photons (below 15 GeV)
down to 1 % for larger masses (above 50 GeV).
The ion-ion and proton-ion collisions considered here are the following:
• PbPb collisions at a center-of-mass energy per nucleon pair of 5.02 TeV,
with a luminosity of 10 nb−1,
• ArAr collisions at a center-of-mass energy per nucleon pair of 7 TeV,
with a luminosity of 3 pb−1 and
• pPb collisions at a center-of-mass energy per nucleon pair of 8.16 TeV,
with a luminosity of 5 pb−1.
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See Ref. [21] for a justification of these choices, which correspond to the
future opportunities of the heavy-ion program at the LHC. For all physics
cases, the analysis is based on the following requirements: we request two
photons in the final state, within pseudo-rapidity values of |η| < 2.4, min-
imum transverse momentum of pT > 3 GeV for each photon, an invariant
mass above 6 GeV, and the magnitude of the di-photon transverse momen-
tum to be at most pγγT < 2 GeV and an acoplanarity (|∆φγγ/pi − 1|) below
0.01 units. The last two requirements select mainly central exclusive pro-
duction processes, which tend to be strongly correlated in momentum due to
the absence of underlying event activity. Also, the invariant mass resolution
for the two outgoing photons varies from 0.5 GeV at low masses (below 15
GeV) up to 1 GeV for larger masses.
There are two types of backgrounds important for ALP searches as ex-
clusive photon pair production. The dominant irreducible background comes
from the SM light-by-light scattering process (described in the previous sec-
tions). The other irreducible background arises from the two-gluons exchange
process between the colliding ions or the ion and the proton, called central
exclusive process (CEP) of photons. The contribution of this process is evalu-
ated using the SuperChic v3 Monte Carlo generator [26]. The contribution of
CEP has been found to be negligible for invariant masses of the two outgoing
photons above 15 GeV, while it is found to be below 4 % of the light-by-light
scattering contribution for lower masses, when the selection requirements de-
scribed above are applied. Finally, there is the central exclusive production
of electron-positron production, where the pair can be mis-identified as a
photon pair. This contribution has been found to be negligible for invariant
masses of the two outgoing photons above 15 GeV and below 5 % for lower
masses, once the selection requirements described above are applied. For
illustration, in Fig. 3 we present the invariant mass distribution of the two
outgoing photons in the case of pPb collisions at 8.16 TeV, for an ALP of
mass equal to 40 GeV and coupling f = 2 TeV, together with contributions
of light-by-light and other background processes (see above).
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Figure 3: Di-photon invariant mass distribution in ultra-peripheral pPb collisions at√
sNN = 8.16 TeV. We show explicitly the SM light-by-light scattering contribution (red)
and other subleading background processes (lavender). For illustrative purposes, we show
an instance of an ALP signal with mass ma = 40 GeV and a coupling f = 2 TeV. See text
for more details.
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5. Results
The existing bounds presented in Fig. 4 were originally compiled in Ref.
[27, 28]. Fig. 4 illustrates a subset of these bounds for ALPs masses between
10−3 GeV and 2 TeV and coupling values to photons as low as 10−3 TeV−1,
although some bounds exist down to values of 10−15 GeV in ALP mass and
10−10 TeV−1 in the ALP-photon coupling. On this figure, we note that ALPs
have been constrained in beam dump searches, which probe resonant pro-
duction of neutral pseudoscalar mesons in photon interactions with nuclei,
known as the Primakoff effect. Various beam-dump experiments at SLAC
collectively yield the area in yellow [29, 30, 31]. Also, Upsilon meson decays
searched at the CLEO and BaBar experiments [32, 33] exclude the region
shaded in green. Collider-based constraints are derived by recasting results
on mono-photon, di-photon and tri-photon searches at LEP (light blue cor-
responds to Run 2 of LEP whereas dark blue corresponds to Run 1 of LEP),
the Tevatron (magenta, by CDF) and the LHC (peach for pp collisions). Fi-
nally, Fig. 4 illustrates the more recent results on light-by-light scattering
by the ATLAS and CMS collaborations in PbPb collisions (green) [12, 13].
Let us note that collider-based bounds assume B(a→ γγ) = 1.
Then, we present new projections for ion-ion and proton-ion collisions de-
rived following the analyses exposed in the previous section. The di-photon
invariant mass distribution is the key discriminating variable since the ALP
would manifest as a resonant bump over the smooth spectrum, with bin
widths comparable to the expected resolution of a narrow resonant ALP sig-
nal. The light-by-light scattering in the SM, misidentified exclusive electron-
positron pair production and CEP of photon pairs are considered as back-
grounds in this search. A binned likelihood function is constructed in each
bin of the invariant mass distribution from the Poisson probability of the sum
of the contributions of the background and a hypothetical signal of strength
relative to the benchmark model. This likelihood function is used to set
limits on the presence of a signal. A systematic uncertainty of 30 % is con-
sidered for the shape of the background distribution as well as a systematic
uncertainty of 20 % on its normalization. The systematic uncertainties enter
as nuisance parameters with Gaussian or log-normal prior distributions, in
convolution with the nominal background distribution. Upper limits are set
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on the product of the production cross section of new ALPs resonances and
their decay branching ratio into two photons. Exclusion intervals are derived
using the CLs method in the asymptotic approximation [34]. The limit set
on the signal strength is translated into a limit on the signal cross section
times branching ratio and the coupling.
In Fig. 4, our projections extracted for pPb collisions (at 8.16 TeV per
nucleon pair and for a luminosity of 5 pb−1), PbPb collisions (at 5.02 TeV
per nucleon pair and for a luminosity of 10 nb−1) and ArAr collisions (at
7 TeV per nucleon pair and for a luminosity of 3 pb−1) are superimposed as
dotted lines to the previous observed limits discussed above. Argon-argon
collisions have the potential of providing stringent constraints on the ALP-
photon coupling for masses between 100 GeV to about 400 GeV, covering a
region of parameter space that is rather difficult to access in proton-proton or
lead-lead collisions. Projections derived from proton-lead collisions have the
potential of covering larger invariant masses relative to lead-lead collisions,
but unfortunately are heavily limited by the expected amount of luminosity
in this mode. Argon-argon collisions have a better possibility of providing
competitive bounds on the ALP-photon coupling in a kinematic region rather
difficult to cover by other probes. Let us note that the future High Luminosity
LHC, with a planned integrated luminosity 3 ab−1 in 14 TeV pp collisions,
has great potential of providing stringent constraints on ALPs coupled to
photons over a wide range of masses, especially with the upcoming Phase-2
upgrades of the LHC experiments. This can be done, for instance, in inclusive
tri-photon production (qq¯ → aγ) [35]. Our projections in ArAr collisions
yield similar sensitivities to the ones in inclusive tri-photon production in
pp collisions for ALP masses at about 100–200 GeV, and can be seen as an
alternative probe of ALPs in this regime.
6. Ideas for ALPs of small masses in the low energy domain
6.1. Position of the problem
As mentioned in the introduction, the link between ALPs and light-by-light
scattering is not restricted to the high energy domain. We develop some ideas
in this sense below. Let us note that despite the experimental observation
of light-by-light scattering at the LHC was an important success, a direct
13
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Figure 4: Exclusion limits on the ALP-photon coupling as a function of the ALP mass
derived from several particle physics and astro-particle physics experiments (see text and
Ref. [27, 28]). Projections for pp collisions with the proton tagging technique are drawn
from Ref. [15]. The projections derived in this letter for pPb collisions (at 8.16 TeV per
nucleon pair and for a luminosity of 5 pb−1), PbPb collisions (at 5.02 TeV per nucleon
pair and for a luminosity of 10 nb−1) (in agreement with Ref. [14]) and ArAr collisions
(at 7 TeV per nucleon pair and for a luminosity of 3 pb−1) are shown as dotted lines,
under the assumption that B(a→ γγ) = 1.
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observation using real photons still remains to be reported, using laser beams
to generate the EM fields [16, 17, 18, 19]. In this context, even with high
intensity lasers of 1024 W/cm2, these EM fields would be much smaller than
their critical values (E  1018 V/m). Then, the non-linearity of the theory
that produces the scattering of light-by-light can be approximated by the
effective Euler-Heisenberg Lagrangian density:
L = 1
2
(E2 −B2) + 2
45
α2
m4e
[
(E2 −B2)2 + 7(E.B)2] , (4)
where α is the fine structure constant of EM interactions and me the mass
of the electron. The second term in this expression, bi-quadratic in the EM
fields, gives the size of the non-linearities. The light-by-light cross section in
this approximation is thus proportional to [ α
2
m4e
]2ω6, where ω is the angular
frequency, taken to be the same for both beams in this expression. In practice,
in the recent years, there has been a large interest in testing this non-linearity
in vacuum by measuring the scattering of intense laser beams [16, 17, 18, 19].
In a specific experimental configuration, we show that, at the interaction area
of the two laser beams, the non-linear coupling of the EM fields produces an
increase of the vacuum refractive index, which then produces the scattering
of the probe beam. The contribution of ALPs would modify this effect in a
resonant way.
6.2. Two counter-propagating waves and the search of ALPs
First, we study the interaction of two counter-propagating EM waves along
the (z) axis produced by high intensity laser beams. These two laser beams
are produced in high finesse cavities. For simplicity, we develop the calcu-
lations for plane waves of different intensities (linearly polarized), defined
as:
E0 = E0exe
iω0(t+z) + c.c.
and
E1 = (E1,xex + E1,yey)e
iω(t−z) + c.c.
with E0  E1,x, E1,y and different angular frequencies ω0 6= ω. Without loss
of generality, we can pose: E0 = constant and E1,x = E1,x(z), E1,y = E1,y(z),
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where the z dependence for E1,x and E1,y will be a consequence of the bi-
quadratic terms of the EM fields in expression (4). Introducing a transverse
profile to the EM fields would not modify the conclusions exposed below.
We obtain E1,x(z) and E1,y(z) by solving the non-linear Maxwell equations
derived from the Lagrangian density (4), namely:
∇× E = −∂tB, (5)
∇×H = ∂tD, (6)
with the vectors D and H defined as:
D = E +K
[
2
(
E2 −B2)E + 7 (E ·B) B] , (7)
H = B +K
[
2
(
E2 −B2)B− 7 (E ·B) E] , (8)
where K = 16pi
45
α2
m4e
. First, the magnetic field B is obtained from equation
(5). Then, E and B are used in equations (7) and (8) in order to derive the
vector fields D and H. Finally, by solving equation (6), we obtain:
E1,x(z) = E1,x(0)e
i16Kω|E0|2z, E1,y(z) = E1,y(0)ei28Kω|E0|
2z. (9)
The interaction of the two counter-propagating EM wave through the cre-
ation of virtual electron-positron pair, leading to light-by-light scattering,
generates a birefringence of the vacuum. Then, the non-linear coupling of
the fields induces an increase of the vacuum refractive index. In the physics
case considered here, the refractive index along the strong electric field is
found to be: nx = 1 + 16K|E0|2, while the index in the perpendicular direc-
tion is: ny = 1 + 28K|E0|2.
Experimentally, let us consider that the wave E1 is initially polarized with
an angle α w.r.t. the (x) axis and then interact with the counter propagating
intense wave E0 over a length L. After the propagation over L:
E1(L, t) = (Aex cosαe
inxωL + Aey sinαe
inyωL)eiωt + c.c.
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There will be a field component perpendicular to the initial polarization and
the intensity of this mode is proportional to sin2 2α sin2 θ with
θ = pi(ny − nx)L/λ.
Numerically, for a field of high intensity of about 1024 W/cm2 focused on a
cross section area of 10−6 cm2 with λ = 0.5 µm, this gives: θ ∼ 10−8 rad.
At this step, we can study how this result is modified in the presence
of ALPs, considered as a pseudo-scalar field a(x, y, z, t) of mass ma with a
coupling to the EM fields of the form: Lint = −η aE · B, where η ≡ 4/f
following the notations of the previous sections. The coupling of the fields a,
E and B is then encoded in two equations:
(+m2a)a = −η E ·B, (10)
∇×H = ∂tD + η [E×∇a−B∂a
∂t
]. (11)
Equation (10) is the equation of motion of field a coupled to the EM fields,
while equation (11) is the modified form of equation (6), when ALPs are
taken into account.
In equation (10), we see that the right-hand side of the equation contains
terms in e±i(ω0+ω)t and terms in e±i(ω0−ω)t, which correspond to possible time
dependence for the ALP field. We need to keep both terms in the calculations
[36]. Then, the equation of motion for a (10) gives:
(+m2a)a = 2ηe−i(ω0−ω)t−i(ω0+ω)zE¯0E1,y + 2ηei(ω0+ω)t+i(ω0−ω)zE0E¯1,y + c.c.
(12)
Following this, we can write:
a = a0e
−i(ω0−ω)t−i(ω0+ω)z + a′0e
i(ω0+ω)t+i(ω0−ω)z + c.c.
with:
a0 =
2ηE¯0E1,y
4ω0ω +m2a
a′0 =
2ηE0E¯1,y
−4ω0ω +m2a
Here, it is possible to inject this expression into equation (11) and derive the
modified refractive index due to the presence of the ALP field a. We find the
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index along the (x) axis is left unchanged while ny is modified as:
ny = 1 + 28K|E0|2 + 4η
2m2a|E0|2
m4a − (4ω0ω)2
. (13)
In the experimental conditions considered above, λ = 0.5 µm ∼ 2.5 eV, we
obtain (4ω0ω)
1
2 ∼ 5 eV. Then, there is a resonant effect for ALPs of this
mass, that will dominate the non-linear contribution in K|E0|2. For deep
red of λ = 0.7 µm ∼ 1.75 eV, the resonance will be for ma = 3.5 eV. This
means that this experimental configuration is interesting in order to obtain
a sensitivity (through a resonant effect) to ALP of masses of the order of
eV, when there is the possibility to scan several values of laser wavelengths.
This strategy follows what has been developed for the LHC era: the search
for ALPs as a resonant deviation in the light-by-light scattering. In order
to quantify this sensitivity, we need to compare the second term in equation
(13), namely 4η
2m2a|E0|2
m4a−(4ω0ω)2 with the light-by-light term: 28K|E0|
2. Thus, we
need to compare:
√
K ∼ 10−5GeV−1
eV
to η
ma
A, where A is the amplification
factor due to the resonant effect: the better is the finesse of the cavities,
the largest is A. The existing and potential limits in the search for ALPs
of masses of the eV or much below [37, 38, 39, 40, 41] are of the order
η
ma
∼ 10−10GeV−1
eV
for ALPs masses of order of the eV. Therefore, we need
an amplification factor A of order 105 so that one may obtain competitive
sensitivity using this technique, which is an experimental challenge. An
amplification factor of 103 to 104 is already feasible with high quality cavities
where the laser beams propagate. Also, using astrophysical probes, some
prospects have been extended for ALP in the eV range down to photon-ALP
coupling of η
ma
∼ 10−12GeV−1
eV
[42]. However, the analysis using light-by-light
scattering stays a complementary approach, that could already provide first
results in a near future [16].
7. Conclusions
We studied the discovery potential of ALPs coupled to photons by taking
into account future opportunities in heavy-ion physics at the LHC, as well
as in lower energies in the context of laser beam experiments. Lighter nuclei
provide access to larger invariant masses for exclusive di-photon production
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in UPCs in comparison to heavier nuclei, with the disadvantage that the
cross sections are not as large as with the standard lead nuclei used at the
LHC. The interplay between these two effects were studied in this letter,
which led to new projections on the ALP-photon coupling and mass plane,
without additional assumptions on the ALP coupling to other SM particles.
For our projections, we considered special runs with argon-argon collisions
at the center-of-mass energy per nucleon pair of 7 TeV with an integrated
luminosity of 3 pb−1 and proton-lead collisions at the center-of-mass energy
per nucleon pair of 8.16 TeV with an integrated luminosity of 5 pb−1. We
have presented in addition new projections considering a larger integrated
luminosity of 10 nb−1 of lead-lead collisions at a center-of-mass energy per
nucleon pair of 5.02 TeV to have a more complete comparison with the fu-
ture heavy-ion physics program. We have found that argon-argon collisions
have the potential to provide stringent constraints on the ALP-photon cou-
pling for masses ranging between 100 GeV and about 400 GeV, which is
precisely the region of parameter space that is difficult to access in proton-
proton collisions and lead-lead collisions, and is thus complementary to both
configurations. While proton-lead collisions have access to larger invariant
masses than lead-lead collisions, the projections extracted from proton-lead
collisions are severely limited by the expected amount of luminosity for this
mode. The reach on the ALP coupling for larger invariant masses ends up
being similar to what will be accessible in lead-lead collisions at 10 nb−1. At
the early stages of this analysis, we considered other light ions at the LHC
(oxygen, xenon). However, the amount of luminosity required in order to
have competitive sensitivities with these ion species is forbiddingly large.
In addition, we have shown that ALPs of masses of the order of eV can
be probed in laser beam experiments with already existing facilities. The
existence of ALPs in this regime would manifest as a resonant-like effect in
the refractive index of the vacuum. This strategy adds a new possibility to
the set of experiments that are already performing searches of ALPs of eV
masses or much below.
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